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ABSTRACT: Semiconductor quantum wells are ubiquitous in
high-performance optoelectronic devices such as solar cells
and lasers. Understanding and controlling of the (hot) carrier
dynamics is essential to optimize their performance. Here, we
study hot electron cooling in colloidal CdSe quantum-well
nanoplatelets using ultrafast two-photon photoemission spec-
troscopy at low excitation intensities, resulting typically in 1—5
hot electrons per platelet. We observe initial electron cooling
in the femtosecond time domain that slows down with
decreasing electron energy and is finished within 2 ps. The
cooling is considerably faster at cryogenic temperatures than at

room temperature, and at least for the systems that we studied, independent of the thickness of the platelets (here 3—5 CdSe
units) and the presence of a CdS shell. The cooling rates that we observe are orders of magnitude faster than reported for similar
CdSe platelets under strong excitation. Our results are understood by a classic cooling mechanism with emission of longitudinal

optical phonons without a significant influence of the surface.
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hen a photon is absorbed in a semiconductor crystal

with an excess energy with respect to the band gap, the
electron (hole) can release this energy in various ways, also
depending on the dimensions of the semiconductor. In three-
dimensional semiconductors, electrons (holes) can emit
phonons to the atomic lattice and “glide” downward (upward)
along the quasi-continuous bands until the bottom of the
conduction band (top of the valence band) is reached.
Typically, longitudinal optical (LO) phonon emission via
Frohlich interaction happens on a femtosecond time scale.' >
In principle, this mechanism of cooling by phonon emission
also holds for two-dimensional (2D) quantum wells,*"® but
interfacial reactions can play a role here. In contrast, zero-
dimensional quantum dots have discrete energy levels, instead
of bands, and the energy difference between two nearest levels
is often much larger than the typical phonon energy. Relaxation
of electrons from one level to the next thus needs the
simultaneous emission of several phonons, which is a slow
process. Hence, a “phonon bottleneck” has been predicted for
the cooling of hot carriers in quantum dots’ and has been
investigated by transient absorption and time-resolved photo-
luminescence spectroscopy,w’11 terahertz spectroscopy,12 and
time-resolved two-photon photoemission spectroscopy (TR-
2PPE)." It has been found that in these nanometer-sized
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crystals the phonon bottleneck can be circumvented by Auger-
type energy donation from the electron to the hole, followed by
fast relaxation of the hole, or by processes involving the ligand
or the surface."”'*™"” The cooling of carriers in bulk and low-
dimensional semiconductors is of large interest from a scientific
point of view. Furthermore, the knowledge of the cooling rates
and how these can be manipulated by structure has direct
impact on the design of third generation solar cells, where the
collection of hot carriers is a long sought goal, and on
semiconductor lasers, where slow cooling would lower the
lasing performance.

Here, we present a study of electron cooling in quantum well
platelets of the semiconductor CdSe. Marked progress has been
made recently in the synthesis of these 2D platelets of (zinc
blende) CdSe with lateral dimensions of several tens of
nanometers, and thickness of a few unit cells."®'? In contrast to
2D systems grown by gas phase deposition, the thickness of
these systems is uniform up to the atomic limit*® and can be
controlled by the synthesis. Platelets of CdSe constitute a
unique occasion to further the understanding of the
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Figure 1. Typical two-photon photoemission experiment on CdSe (3 ML)/CdS core/shell nanoplatelets with different excitation energies, carried
out at room temperature. (a) TEM picture of these nanoplatelets. (b) Typical absorption spectrum characterizing the CdSe (3 ML)/CdS core/shell
(blue) and the CdSe (5 ML) platelets (red), with the energetically two lowest optical transitions involving the heavy hole and light hole valence
bands. (c) Kinetic energy distributions of the photoemitted electrons in a TR-2PPE experiment as a function of time delay between the pump (2.30,
2.60, and 4.52 eV) and the probe pulse (4.52 V). Green curves: Pump excitation with hvpymp = 2.30 eV corresponding to the lowest energy
transition (cf. panel b), leading to cool electrons at the bottom of the conduction band. Blue curves: excitation with W pymp = 2.60 eV leading to hot
electrons with a maximum excess energy of 0.35 eV. Purple curves: excitation with hv/,,, = 4.52 eV, leading to hot electrons with a maximum excess
energy of 2.27 eV.

optoelectronic properties of 2D semiconductors.”*™>° In that between about 1 and S electron—hole pairs per platelet,
respect, also the cooling of hot carriers has been studied with depending on the sample and the excitation wavelength.
optical spectroscopy with approximately 5 ps time resolution.”® Finally, TR-2PPE requests that the CdSe platelets are in
Only results obtained at high excitation intensities resulting in contact with an electrode. In such a way, the carrier cooling is
about 100 electron hole pairs per platelet could be resolved studied in an all-solid device that resembles practical
with the cooling taking place in the 10 ps time regime. This optoelectronic devices such as a solar cell, or an electrically
agrees with previous results obtained for other quantum well driven laser.
systems and even bulk CdSe,”* where electron relaxation on a The synthesis of CdSe platelets is very versatile and hence we
similar time scale was measured. In view of intrinsic electron— could investigate atomically precise platelets of different well-
phonon scattering that occurs on a femtosecond time scale, this defined thickness. The thickness is best assigned by the first
slow cooling has been attributed to the so-called LO phonon absorption/emission peak, which was at 2.25 and 2.67 eV,
bottleneck (not to be mixed up with the phonon bottleneck in respectively, for two specific bare CdSe platelets ensembles in
quantum dots); the high density of hot carriers generate a high this study. While recent publications® indicate that these
density of LO phonons (not in thermal equilibrium with the bandgaps correspond to S, respectively, 3 monolayers (ML), we
lattice), which are either reabsorbed by the electrons, diffuse remark that there is still some uncertainty over the exact
away, or slowly decay to phonons of lower energy."*”*® We number of CdSe units.'"®*>*® The platelets are capped with
remark that there is still very little experimental data available organic ligands or enclosed by a thin shell of the higher band
for intrinsic cooling dynamics of a hot electron gas in the low- gap semiconductor CdS. The band offset for colloidal CdSe/
density limit in a two-dimensional semiconductor quantum CdS heterostructures is mostly to be found in the valence
well. bands, while the conduction bands show little or no offset and
Our method of choice for the study of the electron cooling in the electrons are thus delocalized over the core and the shell,
CdSe quantum-well platelets is TR-2PPE and described in while the holes are confined in the CdSe core.**™** The
detail in the Supporting Information section. This technique versatility and the unique control in platelet synthesis offer an
monitors the temporal evolution of a photoinduced electron exclusive possibility to study the effect of the surface and
distribution time, as well as energy-resolved, in a single interfaces on the cooling dynamics in 2D systems and to
experiment. The time resolution is sub-40 fs and thus in the compare colloidal quantum wells with their solid-state
range of the typical release time of a single LO phonon by a hot counterparts, that is, multiple quantum-well structures prepared
electron. Because the technique is sensitive to electrons only, it by gas-phase deposition.
is complementary to, for example, hot-luminescence spectros- The principle of TR-2PPE is to photogenerate electrons with
copy that monitors the total energy of an electron—hole pair. certain excess energy by applying a short laser pulse, called the
Moreover, the experiments are carried out at low excitation pump pulse and subsequently lift these electrons beyond the
intensities, for which the average exciton density per platelet is vacuum level with a second, delayed laser pulse (the probe
2410 DOI: 10.1021/nl504706w
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Figure 2. Cooling of the electron distribution, photoexcited with v, = 2.60 eV at CdSe (3 ML)/CdS core/shell platelets (cf. blue spectra in
Figure 1c). (a) Kinetic energy spectra for different pump probe delays (black symbols) with fits of the high-kinetic-energy tails based on a stepwise
DOS and Fermi—Dirac statistic (red lines). (b) Resulting electron temperature as a function of time delay At, obtained from the fits in (a) (left
ordinate) and the corresponding average electron energy with respect to the CBM (right ordinate). (c) Average ELR per electron as a function of
time delay, obtained by calculating the derivation of the average energy curve in (b). (d) ELR as a function of electron temperature (black squares),
obtained by combining (b) and (c). Result of eq 3 for 7 = 33 fs with T},, = 700 K (red solid line) and Tj,, = 300 K (blue solid line). For the former
case, also the result from a numeric simulation according to refs 39 and 40. is shown (green dashed line).

pulse) with high photon energy (hvpe = 4.52 €V) so that the
kinetic energy of the photoemitted electrons can be measured.
The kinetic energy depends on the original binding energy of
the electron and the measured energy distribution thus reflects
the energy distribution of the photogenerated electrons within
the semiconductor apart from a shift on the energy axis that
depends on the photon energy and the vacuum energy of the
sample. Recording spectra for different time delays between the
pump and probe pulses thus allows to measure the temporal
evolution of the electron distribution after photoexcitation. In
Figure 1, we present typical results obtained with CdSe(3 ML)/
CdS core/shell platelets. A transmission electron microscopy
(TEM) picture of the platelets is presented in Figure la; the
platelets are nearly flat 2D systems with lateral dimensions of
about 10 X 60 nm; presumably the thickness of the CdSe is 3
ML, shelled with 2 ML of CdS. The first absorption and
emission peak is situated at 550 nm (2.25 eV), as shown in
Figure 1b. Figure 1c shows the kinetic energy of the emitted
electrons with respect to the vacuum level of the sample as a
function of the time delay between pump and probe for hv/m,
= 2.30 eV (540 nm), htjppm, = 2.60 eV (478 nm), and Ay, =
4.52 eV (274 nm). With hv,,,, = 2.30 eV (first peak of the
absorption spectrum) electrons are excited to the bottom of the
conduction band (CB). The green plots show the correspond-
ing kinetic energy of electrons that are photoemitted from the
bottom of the CB, convoluted with the energy resolution of the
setup (approximately13 0.2 eV), and serve as a reference.
Deconvolution yields that the bottom of the CB is situated
approximately 3.55 eV below the vacuum level of the sample as
discussed further below.

The blue and purple curves represent the 2PPE results with
W pymp = 2.60 eV and h/,,, = 4.52 €V, respectively, leading to
hot electrons with an initial maximum excess energy of 0.35 and
2.27 eV above the conduction band minimum (CBM),
respectively. The average excess energy of the photoexcited
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electrons, however, is considerably lower due to the dispersion
of the heavy hole valence band and transitions from lower lying
valence bands. Spectral features related to transitions from the
different hole-bands could not be resolved because the spectral
resolution is limited to approximately 0.2 eV. The signal at the
low kinetic energy edge (Ekin < 1.1 €V) must be treated with
care as it contains large amounts of secondary electrons. These
are electrons that have lost parts of their kinetic energy by
inelastic scattering processes. This is especially pronounced for
excitation with hvp,,,, = 4.52 eV. As expected, the two different
pump energies result in very different electron distributions at
short time delays. Overall, the distributions change fast in the
<0.5 ps time domain and more slowly on later times; at At =1
ps, the electrons have nearly completely cooled down to the
CBM, in accordance to TR-2PPE measurements of the electron
dynamics at 3D semiconductor interfaces.>*

We now focus in detail on the cooling of electrons pumped
with hvpym, = 2.60 eV, that is, that have a maximum excess
energy of 0.35 eV; Figure 2a shows the kinetic energy
distribution of the CdSe (3 ML)/CdS core/shell sample,
with normalized intensity. The electron distribution of the hot
electron gas (consisting of ~S5 electrons per platelet; see
Supporting Information) can be described by an electron
temperature T, which is a result of equilibration by very fast
electron—electron scattering that happens typically within less
than 100 f5.7*7 This electron temperature was extracted by
fitting the high-energy tail of the kinetic energy spectra with the
product of the Fermi—Dirac distribution function and the
steplike density of states (DOS) of a quantum well with infinite
barriers, 1.5 nm thickness and an effective mass®® of m. = 0.13
m,. Another important parameter is the kinetic energy Eg>Y,
corresponding to photoemitted electrons that stem from the
CBM. For At > 150 fs, we obtained clear fitting results with
Eg™ = 0.97 eV. From
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CBM
E kin

= Ecpm — hv (1)
we depict that the CBM is located 3.55 eV below the vacuum
level. It should be remarked that this value holds for the oleic
acid capped platelets studied here and that different capping
can shift the band edges.

For At < 150 fs, there is a small but considerable deviation
between the experimental data and our fit (see Figure 2a;
spectrum at At = 0.1 ps), compared to the almost perfect fit for
larger time delays. This might indicate that the electron
distribution has not developed to a state of equilibrium within
this time interval. However, it could also be related to our DOS
approximation that becomes arguable for higher electron
energies, as present for early time delays. The electron
temperature extracted with the fit is plotted in Figure 2b for
At > 150 fs as a function of the time delay between pump and
probe. We see that T, drops from 3500 K at At = 150 fs to
about 650 K within 1 ps, followed by a significantly slower
relaxation on the picosecond time scale. For an accurate
determination of the electron temperature, it is necessary to
take into account that the energy resolution of the setup is
rather coarse compared to the width of an electron distribution
at low electron temperatures, which, for example, is only Agp =
kT, = 0.026 eV for T, = 300 K. In the fit, this was included by
convolution with a corresponding Gaussian and with A%™ =
0.12 eV the electron temperature asymptotically approaches
~300 K for long pump probe delays. We note that the energy
resolution is subject to an unavoidable uncertainty due to
several broadening influences'>*' and thus the electron
temperature as presented here might be slightly under-
estimated.

Now, we translate this electron temperature into the average
electron energy with respect to the CBM, given by

(E — Ecpy) = ks, 2)
for a 2D DOS, based on the infinite quantum well when
approximating the Fermi—Dirac statistics with a Maxwell—
Boltzmann distribution. The average energy with respect to the
CBM is shown on the right-hand ordinate in Figure 2b and the
error bars represent the statistic error due to the finite electron
count rate. T, = 3500 K corresponds to an average energy of
~0.3 eV, while the maximum excess energy that could be
reached in this experiment is 0.35 eV, given by the difference
between the pump photon energy and the band gap. The fact
that we observe a lower value is presumably caused by optical
transitions from the lower lying light hole band and by a small
part of the excess photon energy used to excite holes. By
calculating the derivation of the average energy, we can now
deduce the time-dependent average energy loss rate (ELR) per
electron (—dE/dt) as shown in Figure 2c. Furthermore, by
combining this with the time-dependent electron temperature,
shown in Figure 2b, we obtained the ELR as a function of the
electron temperature (plotted in Figure 2d) and find that it is
strongly reduced with decreasing electron temperature.

In this temperature regime, the transfer of energy from a hot
electron gas to the lattice in polar semiconductors is dominated
by the emission of longitudinal optical (LO) phonons. For
quantum wells with infinite barriers, Ridley has approached this
case theoretically,3’9’40 assuming a bulklike LO phonon band
with a constant phonon energy A@; . For the lowest sub-band
and for g, L > 4, where g, is the maximum momentum of
the emitted/absorbed phonon and L is the thickness of the
quantum well, the phonon emission and absorption rates can
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be approximated as constant.’® However, only electrons with E
— Ecgm = hwpo can emit phonons, as otherwise there are no
states available for the scattered electrons. On the basis of this
we calculate the average ELR per electron as a function of
electron temperature® and obtain

< dE> hoy o hoyo
=\ = xp| —
dt T kpT,
hawp o hawpo
P\ ) ~ PUr
X

hwy o
o) 1
P ( P ) 3)

Here, 7 is the constant electron phonon scattering time and T},
is the lattice temperature. For Ty, — 0 the fraction on the right-
hand side approaches unity and eq 3 becomes a relation, well-
known from textbooks® and also valid for bulk semiconductors.
The blue line in Figure 2d shows the result of eq 3 for 7 = 33 fs,
T = 293 K, and hw o = 26 meV, which is the LO phonon
energy for CdSe.>® For T, > 2000 K, this agrees with the
measured data, but for T, < 2000 K the measured ELR is lower
than the calculated curve and furthermore drops drastically at
T, = 700 K. This indicates that the cooling via LO phonon
emission is suppressed, either for electron temperatures <700 K
in general or after a certain amount of energy has been
transferred to the lattice, for example, due to the buildup of a
hot phonon distribution that slows down the cooling process
after T, has reached about 700 K.

For comparison, we also plotted the result of eq 3 for the
same parameters as above, but T},, = 700 K (red line in Figure
2d). Here, the agreement is quite good for T, < 2000 K. Since
in our case the wells are pretty thin and q,,L > 4 is not
fulfilled, we furthermore calculated the ELR numerically,
according to Riddoch and Ridley,** choosing CdSe parameters
from standard compendia38 (6 = 6.3; & = 9.3; Mz = 0.13 m,)
with T, = 700 K (green dashed line in Figure 2d). This also
agrees with the measured data for T, < 1500 K but strongly
underestimates the measured ELR for higher electron temper-
atures. We remark that the parameters, used here, apply for
bulk CdSe but might be significantly different for thin
nanoplatelets with CdS shell.

Now, we discuss the effect of the lattice temperature on the
electron cooling dynamics by comparing TR-2PPE measure-
ments at room temperature to those at 25 K (Figure 3). We
show results obtained with CdSe (3 ML) platelets (absorption
peak at 2.67 eV) for a pump photon energy of 4.52 eV. At this
photon energy, electrons with high excess energy are created,
allowing us to monitor the relaxation process over a wider
energy range and at excitation densities of ~1 exciton per
nanoplatelet. In Figure 3a, the kinetic energy distribution is
presented for different pump—probe delays.

For single electrons, the electron temperature is not a proper
quantity. Therefore, we calculate the average kinetic energy of
the photoemitted electrons instead, given by

Z Ekin,i”i
2 4)

where n; is the number of photoemitted electrons with Ey, ;.
The resulting curves are shown in Figure 3b. To reduce the
influence of secondary electrons, that have a high count rate at
low kinetic energies, electrons with E;, < 12 eV were
neglected. For a Maxwell-Boltzmann distribution and a

<Ekin> =
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Figure 3. Evolution of the average electron energy and energy loss
rates (ELRs) in CdSe nanoplatelets at different lattice temperatures
Tie = 293 K (purple curves) and Ty, = 25 K (black curves) after
photoexcitation with hvp,,= 4.52 eV. (a) Kinetic energy spectra for
different pump probe delays. (b) Average kinetic energy, obtained
from (a) as a function of time delay. To minimize the influence of
secondary electrons, electrons with Ej;, < 1.2 eV were neglected. (c)
Resulting ELRs, obtained by calculating the derivations of the curves in

(b).

constant 2D DOS, this just leads to a constant offset of the
average kinetic energy and

(Egin) = (E — Ecpy) + C

©)

where C is a constant that contains this offset, the photon
energy, and the vacuum level of the sample. Thus, as before,
derivation of (E,) yields the time-dependent average ELR,
which is shown in Figure 3c for both temperatures. Error bars
would be of comparable size as in Figure 2 but are omitted here
and in the following for the sake of clarity. It is obvious that in
the first 0.3 ps, where most of the relaxation occurs, the ELR for
the measurement at T, = 25 K is significantly higher than for
the measurement at room temperature. At low temperatures,
less phonons are thermally activated and consequently less
phonons are absorbed by the electrons, leading to a faster
relaxation. It should be kept in mind that lowering the lattice
temperature not only freezes phonon modes but also can
influence the electronic properties of the material. According to
Tessier et al,, the band gap should increase by approximately
0.05 eV,** when cooling NPs of similar size down to 25 K.
Thus, at 25 K lattice temperature the electrons will have slightly
less excess energy that in turn should lead to a slower
relaxation, which is in contrast to the faster measured
relaxation. However, the drastic increase in ELR cannot be
explained with the model in eq 3 as for single electrons the
distribution approach does not hold anymore. Also, the high
excess energy initially leads to very high ELRs, that reach ~1.8
eV ps~! for T}, = 25 K, resulting in phonon emission rates >1/
17 fs~' which is faster than the values we found in the
measurements, shown in Figure 2. This indicates alternative
decay pathways such as the emission of transverse optical
phonons and LO phonon emission via deformation potential
scattering that become dominant for high excess energy, while
the probability for polar optical mode scattering decreases due
to the electrostatic nature of the interaction as high g values are
required for the scattering events.*> Furthermore, intersubband
scattering between the n = 1 and the n = 2 energy levels would
have to be considered for a precise theoretical description at
such high excess energies.

In order to investigate the effect of the thickness of the
quantum-well platelets and the surface chemistry on the
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electron energy loss mechanism(s), we performed measure-
ments on different samples; the results are summarized in
Figure 4. All measurements were performed with a pump
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Figure 4. Comparison of the ELRs as a function of time delay,
measured on CdSe platelets of variable thickness, with different
capping, and with and without a CdS shell. Finally, results for CdSe
quantum dots are shown for comparison. The measurements were
performed at room temperature with hvp,,, = 4.52 eV excitation
energy. (a) CdSe (3 ML)/CdS core/shell platelets (red curve)
compared with CdSe (3 ML) platelets (green curve), both capped
with OA. (b) CdSe (3 ML)/CdS core/shell platelets (red curve)
compared with CdSe (S ML) platelets (blue curve), both capped with
OA. (c) CdSe (3 ML) platelets with OA capping (green curve)
compared with identical platelets, capped with HDT (purple curve).
(d) CdSe quantum dots of 3.5 nm diameter with HDT ligands,
preventing Auger relaxation via the VB holes (orange curve),
compared to CdSe (S ML) platelets with OA capping (blue curve).

photon energy of hv,,,, = 4.52 eV and the shown ELRs were
deduced in the same fashion as done above for the
measurements with different lattice temperatures.

Figure 4a shows the ELR for CdSe (3 ML) samples with and
without CdS shell. Overall, we find a strikingly similar ELR in
nearly the entire time window, except for the first 200 fs. We
note that the first absorption feature of the core/shell system is
considerably red shifted with respect to the core-only platelets.
In order to avoid this, we also compare results for CdSe (5 ML)
platelets with the CdSe (3 ML)/CdS core/shell platelets in
Figure 4b. As shown in Figure 1b, both these samples have their
first absorption resonance at nearly the same energy, which
means that also the initial excess kinetic energy of the
photoexcited electrons should be similar. In this case, the
ELR is nearly identical for the entire time span in which cooling
takes place. The results, presented in Figure 4a and b (and
several repetitions of these experiments with other samples),
show that the ELR in the CdSe platelets does not change by the
presence of a CdS shell around the platelets.

In Figure 4c we investigate whether the trapping of valence
band holes at the surface, that prevents electron-to-hole Auger
relaxation, has any effect on the electron cooling. We compared
bare CdSe (3 ML) platelets with oleic acid (OA) capping with
the same platelets, capped with 1,6-hexanedithiol (HDT); the
latter ligands have been shown to act as hole trap** preventing
energy donation from the electron to the hole in CdSe
quantum-dot nanocrystals.'>***® As we expect that the surface
chemistry of the facets of the platelets is very similar to that of
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nanocrystals, we anticipate that holes are trapped at the surface
of thiol-capped platelets as well. An indication for that is
presented in ref 19, where it was reported that the
photoluminescence quantum yield drops to half the value if
the platelets are recapped with thiols. It is obvious from Figure
4c that in the case of platelets we find no difference in ELR
between the samples, which indicates that Auger-type electron
cooling is not important in the case of 2D platelets. This
mechanism seems to be unable to compete with direct electron
decay via the conduction band by LO-phonon emission.

In Figure 4d, we compare the ELR of CdSe (5 ML)
nanoplatelets with that of CdSe quantum dots of 3.5 nm
diameter with their lowest optical transition (2.18 eV) being
nearly identical to that of the nanoplatelets (2.25 eV). We
thereby have used HDT as capping for the quantum dots to
suppress the Auger-type cooling pathway. Our results show that
the ELR for the platelets is significantly higher and hence
cooling via the continuous 2D conduction band is much faster
than the multiphonon transition between discrete energy levels
in the quantum dots. This effect is even more pronounced
when comparing our results on nanoplatelets with measure-
ments on CdSe quantum dots with hole scavenging ligands,
where the second lowest electron level 1P, is photoexcited
resonantly.*>*”'® This highlights the effect of the “quantum”
phonon bottleneck® that has been predicted for semi-
conductors with quantum confinement in all three dimensions
as illustrated in Figure S.

Nanoplatelet Quantum Dot

E
............................... Bvac
\/ = o
hwe Z X — 1P
"""" 1Se
thump
________ heavy-hole 153/2
band —— 1Ps3p
light-hole
band

Figure 5. Comparison of the electron relaxation in nanoplatelets (left)
and quantum dots (right). Nanoplatelets are confined only in one
dimension and thus have a continuous DOS. Consequently, electrons
can reach the CBM by the emission of single LO phonons. In
quantum dots, the energetic distance between the electronic levels is
larger than the LO phonon energy and electron cooling via the
emission of single phonons is suppressed.

The results that we presented here show that in CdSe
platelets of 3—5 ML thickness, hot electrons lose most of their
excess kinetic energy in the first picosecond after excitation.
The ensuing further cooling is markedly slower and the
minimum of the CB is reached within 10 ps. The energy loss
rate (ELR), thereby, strongly depends on the average energy or
temperature of the electron gas in the platelets. The results
show no measurable dependence on platelets thickness and the
surface layer around the platelets be it different capping
molecules or a thin layer of CdS. The nature of our
measurement does not allow the evaluation of minor changes
in relaxation rate, for example, due to different DOS in the
lowest subband®* or due to a change in the dielectric
constant by variation of the capping. Nevertheless, if the major
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decay mechanisms were surface related our experiments should
show significant variations in the measured ELRs as, for
example, found for CdSe quantum dots.'”*”*® We therefore
conclude that surface-related decay mechanisms play a
secondary role and instead fast phonon-assisted cooling within
the platelets is the dominant decay mechanism. Also no
evidence for Auger-type electron-to-hole energy donation was
found in experiments, where the oleic acid capping was
replaced with a thiol capping that is known to trap holes.
Instead the ELR does not change notably, indicating that
electron—phonon scattering via the Frohlich-interaction
happens on a significantly faster time scale.

All the above results imply that the electron cooling along the
2D bands of the quantum-well platelets by emission of LO
phonons is the main cooling mechanism. For the state directly
after photoexcitation, the dependence of the ELR on the
electron temperature can be described well with a simplified
model for polar-mode scattering in 2D systems. Good
agreement is found with a scattering rate of 7 = 33 fs, which
is close to the 15 fs calculated for Frohlich interaction in 2D
systems, using basic assumptions® and standard CdSe
parameters.”® However, if we assume a lattice temperature of
T\ = 293 K, this model cannot describe a drastic break down in
ELR that we measure for T, < 700 K, indicating a strong
reduction of the net LO phonon emission rate. While this
might be explained by a strong reduction of the LO phonon
emission rate for electrons with T, < 700 K, we believe that this
is rather related due to an increase of LO phonon absorption,
caused by the buildup of a distribution of hot LO phonons
during the cooling process: by reabsorption of these hot
phonons the cooling is considerably slowed down for T, < 700
K. In fact, when assuming a lattice temperature of Ty, = 700 K
we achieve good quantitative agreement between model and
data in this electron temperature range.

Slow decay attributed to the hot phonon bottleneck is
commonly reported for experiments with 2D and 3D CdSe; the
ELR then strongly depends on the lifetime of the optical
phonons that is estimated to be 6—9 ps.' In this respect,
Vengurlekar et al. reported that the cooling rates in bulk CdSe
at cryogenic temperatures' depended strongly on the excitation
intensity with the ELRs being more than an order of magnitude
lower than measured in our experiments. Pelton et al. also
performed time-resolved photoluminescence measurements on
CdSe nanoplatelets,*® and reported a decay constant of several
tens of picoseconds for the electron cooling from 700 K to
room temperature, hence, much slower than observed in our
experiments. The difference must be caused by the excitation
intensities resulting in >100 excitons/platelet in ref 26, while in
our case the excitation density leads to a maximum of §
excitons/platelet, as the ELR reduction due to hot phonons
increases with increasing excitation density." The authors of ref
26 also remark that their setup was limited to a time resolution
of about S ps and fast initial cooling at low excitation densities
could thus not be resolved.

To conclude, we studied electron cooling in CdSe platelets
using TR-2PPE with a time-resolution of sub-40 fs. We used
very low pump intensity, leading to 1—5 hot electrons per
platelet. We observe major cooling in the time regime below 1
ps. Only in the later stage of the cooling process, the cooling
slows down, very probably due to reabsorption of hot phonons.
Furthermore, the cooling rate increases with lower lattice
temperature. In the CdSe and CdSe/CdS platelets that we
studied, the thickness of the platelets (3 to 5 CdSe units) and

DOI: 10.1021/nl504706w
Nano Lett. 2015, 15, 2409-2416


http://dx.doi.org/10.1021/nl504706w

Nano Letters

the CdS shell (1—2 units) did not markedly influence the
cooling kinetics. Our results can be largely explained by hot
electron cooling in parabolic bands via LO-phonon emission.
Our results are important for lasing devices based on CdSe
platelets® and for third generation designs in photovoltaics,
aimed at directly collecting hot carriers.” In a broader sense, our
results form another indication that chemically prepared CdSe
nanoplatelets behave as genuine 2D quantum wells.
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